The inhibition for the corrosion of mild steel in acid solution by the extract of Sargassum polycystum seaweed was studied using electrochemical technique and mass loss method. The results obtained show that the seaweed extract could serve as an effective inhibitor for the corrosion of mild steel in acidic medium. It was noticed that the inhibitor concentration, immersion time and temperature influenced the IE. The adsorption of the Sargassum polycystum extract molecules onto the metal surface obeyed Langmuir adsorption isotherm. Surface topography studies suggested the protection of MS surface from corrosion by the adsorption of inhibitor molecules onto the MS surface.
INTROdUCTION
Mineral acids are used in several industrial processes for processing like pickling, acid cleaning, and acid de-scaling etc, Mild steel (MS) is widely used in engineering materials particularly for the structure and automobile applications due to low cost and easy availability 1 . MS in acidic environment is severely affected by corrosion and it needs to be protected. Environmental regulations in industrialized countries have forced researchers globally to focus on green technological innovations. Green inhibitors are effective from an ecological and environmental perspective and can play a key role over toxic inhibitors. It is still amazing that the anticorrosion efficiency of green inhibitor is more or less equal to synthetic inhibitors 2 . Natural compounds have emerged as effective corrosion inhibitors due to the presence of complex organic compounds and biodegradable nature. Our research group have successfully investigated utilisation of several natural products against corrosion of MS in acidic environment and similar studies are also reported [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Sargassum polycystum C. Agardh is a dark brown colour and combined with rocks. Sargassum polycystum C. Agardh belongs to sargassaceae family. It is available in tropical region of western Pacific, Philippines, China, Japan, Indonesia and Malaysia. Red and brown seaweeds are rich sources of bioactive secondary metabolites. The species of sargassum are found to be rich in bioactive compounds namely vitamins, proteins and minerals etc 16 . The current study is focused to examine the inhibitive action of the Sargassum polycystum seaweed extract as a inhibitor for mild steel in acid medium.
MATERIAL ANd METHOdS

Material Selection
Weight percentage composition of MS utilised for the present study is as follows: carbon 0.019%, manganese 0.352%, silicon 0.049%, phosphorus 0.019%, sulphur 0.013%, chromium 0.010%, molybdenum 0.008%, nickel 0.010%, Copper 0.026% and iron 99.33%. Electrochemical and mass loss techniques were performed to examine the efficiency of the inhibitor under study. The MS sample size was 1x5 cm 2 and a hole was drilled, mechanically polished, degreased, washed with deionised water, then dried carefully and stored in desiccator for the mass loss test [ASTM G1-03] 17 .
Preparation of the seaweed Extract
Sargassum polycystum was collected from Mandapam and shade dried. It was authenticated (BSI/SRC/5/23/2016/Tech/729) by Botanical Survey of India, Coimbatore and Tamil Nadu. 25 g of the powder was added to 1M HCl solution and refluxed for 3 hours. Thereafter, the mixture was kept overnight for cooling. It was filtered and prepared 500 ml solution with 1 molar hydrochloric acid solution to obtain 5% inhibitor extract. Further dilutions were prepared from stock solution to attain the desired concentration.
Mass Loss Method
It is the oldest techniques of monitoring corrosion rate. Pre weighed MS coupons were immersed a beaker containing 100 ml of acid taken with and without inhibitor for a particular period of time as per ASTM G 1-2 18 . The MS coupons were washed with distilled water and then dried and re-weighed. The experiment was performed in triplicate and average mass loss was recorded. Different parameters namely var iation of concentration of the inhibitor from 0.1% to 0.7%, different immersion times such as 1/2 h, 1 h, 3 h, 6 h, 12 h and 24 h and various temperatures of 303k, 323k, 333k, 343k and 353k were analysed to ascertain the efficiency of the inhibitor.
Electrochemical measurements Potentiodynamic Polarization technique
Polarization study was carried out by Biologic EC Lab software version 10.4 electrochemical work station using a three electrode cell assembly. MS was used as working electrode, platinum as counter electrode and saturated calomel electrode as reference electrode. It was conducted at a scanning rate of 2 mV / sec from -0.1 to -1 mV based on the corrosion potential with and without addition of the inhibitor.
Impedance spectroscopy
AC impedance spectra were recorded in the same instrument used for polarization study using the same type of three electrode cell assembly. In this technique, 5-10 mV of an AC signal 20 kHz to 0.1Hz frequency was applied to the system. Impedance spectra can be presented in the form of Nyquist or Bode plot. From the plots, the R ct and C dl are obtained.
Surface Analytical Techniques FT-IR Spectroscopy
FT-IR spectroscopy was performed to acquire knowledge about the functional groups of the SP extract and corrosion product. The frequency range was applied from 4000 to 400 cm -1 using Shimadzu IR Affinity-1S Fourier Transform Infrared Spectrometer.
Uv -visible spectrophotometer
PC based AU-2701 UV-Vis Double beam spectrophotometer was used to check the possibility of the metal-inhibitor complex formed on the metal surface. It was studied by the prepared metal samples after immersion in acidic medium in the absence and presence of the 0.7% SP extract solution for 3 hours.
Scanning electron microscopy and Energy dispersive X-ray
JEOL MODEL JSM 6360 SEM instrument was performed to examine the surface protective layer of the metal surface with and without using inhibitor solution. To examine the morphology of the MS specimen SEM image was taken for polished MS specimen, MS in acidic environment and MS sample in an acidic medium containing 0.7% SP inhibitor.
d Optical Profilometer
Surface profile was studied using 3D Optical Profilometer. The samples of MS after exposure to 1 M HC1 solution with and without addition of the inhibitor solution for 3 h were examined. 3D photos were taken with 100x magnified surface through operating program on computer.
Phytochemical Screening of SP Extract
HPTLC, FTIR and UV techniques were performed to characterize the SP extract. Standard procedure is used to find the phytochemical constituents present in the SP extract 19 .
HPTLC technique
High-performance thin layer chromatography is one of the sophisticated instrumental techniques based on the full capabilities of thin layer chromatography. HPTLC is used for the identification of constituents, identification and determination of impurities and quantitative determination of active substances. CAMAG HPTLC instrument with Win CATS version 1.3.4 software was performed to analyze phytochemical components and its derivatives present in the seaweed extract.
RESULTS ANd dISCUSSION
Mass loss method Effect of inhibitor concentration in 1M HCl
The effect of SP extract on MS corrosion in 1HCl was investigated using mass loss technique. 
Effect of immersion time
The time of immersion influenced on MS sample in absence and presence of different concentrations of the inhibitor in acid medium at ambient temperature (303 k) was evaluated. Fig. 1 implied the gradual decrease of the corrosion rate with increase concentration of the inhibitor solution. The percentage inhibition efficiency at different concentrations of SP extract has been depicted in Fig. 1 . The inhibitor was capable of affording a maximum efficiency of 95 % at 12 h of immersion time (0.7 % conc). The results indicated that the inhibitor molecules were able to adsorb on mild steel surface and form a protective film so as to minimize the corrosion 20 . 
Effect of temperature
The corrosion rate and IE of the MS specimen in absence and presence of SP extract in acidic solution at 303k to 353 k was tabulated in Table 1 . The corrosion rate values were found to increase as the temperature of the reacting system increased. The corrosion of MS occurred more rapidly as the temperature increased, reflecting an increased in the corrosion rate with increase temperature. It was observed that when the temperature increased, the reacting molecules collide faster, which leads to increase reactant consumption and product formation. The effectiveness of inhibition efficiency decreased with increase in the corrosion rate.
The impact of SP extract on MS in 1M HCl at various temperatures was tabulated in Table 1 . It was noticed that the effectiveness of inhibition process increased with increase inhibitor concentration. The obtained results indicated that the decrease in IE with increase temperature. At higher temperatures, desorption occurred which led to the dissolution of the MS samples in acidic environment with consequent increase in the corrosion rate and a decrease in the effectiveness of inhibition efficacy. This was due to the fact that desorption of the adsorbed film occurred at high temperature 21 . From Table 1 , it was noticed that the efficiency decreased with increase in temperature but stabilized at 353 k to afford an efficiency of 81% (0.7% conc of inhibition). 
kinetic parameters Activation energy (Ea)
The study of adsorption is very important for the corrosion process. The inhibitor molecule blocked the active sites present in the MS surface which reduced the corrosion reaction. The adsorption behaviour of any inhibitor can be examined by evaluating the kinetics and thermodynamic parameters of the adsorption process. The impact of the temperature on the corrosion rate can be explained by Arrhenius equation:
Where CR is corrosion rate (mpy), E a is an apparent activation energy, R is molar gas constant (8.314 Jk
), T is temperature and A is frequency factor. The values of the standard enthalpy and entropy of activation, ΔH a and ΔS a respectively can be calculated by the transition state equation:
Where h is Planck's constant and N is Avogadro number. Arrhenius and transition state plots (Fig. 2, 3) were obtained from the linear graph. E a values were calculated from the slope of the Arrhenius plot (slope = −E a /2.303R) and the transition plot. The values of ΔH a and ΔS a were obtained from the slope (slope = −ΔH a /2.303R) and intercept (intercept = log(R/Nh) + ΔSa/2.303R) and are tabulated in Table 2 . It was mentioned that the E a values generally increased with lower concentration of the extract and decreased with higher concentration of the inhibitor solution. An increase in E a value with increase in SP extract concentration was an indication of physical adsorption process which suggested that the IE increased with increase in concentration of the SP extract 22 .
ΔH and ΔS
The values of enthalpy of activation (ΔH a ) and entropy of activation (ΔS a ) were calculated from the plots of log CR/T vs. 1/T ( Fig. 3 ) and are presented in Table 2 . The results implied that ΔH a value was positive with and without addition of the inhibitor solution, which indicated the endothermic nature of the dissolution of steel 23 . The ΔS a values were higher in presence of the inhibitor than in its absence which indicated that, the randomness increased on going from reactants to activated complex 24 . 
Adsorption behaviour
The value of surface coverage of different concentrations of inhibitor obtained from mass loss measurements were used to explain the best isotherm and to find out the adsorption process. Adsorption isotherm is very important for determining the mechanism of organo-electrochemical reactions 25 .
The most often used isotherm is Langmuir adsorption isotherm 26 . The general form of all the isotherms is:
Where ∫(θ,x) is the configurational factor which depends upon the physical model and the assumptions underlying the derivation of the isotherm. θ is the surface coverage degree, C is the inhibitor concentration, a is the lateral interaction term describing the molecular interactions of the adsorption layer and the heterogeneity of the surface, k is the adsorption -desorption equilibrium constant. The adsorption behaviour of various concentration of SP extract in acidic medium was analysed from mass loss study by changing the temperature (303k to 353k).
Langmuir adsorption isotherm
Linear plot of log θ / 1-θ Vs log C was obtained with the slope in the range close to unity (Fig. 4) . This is the indicative of the fact that the bioactive molecules present in the SP extract occupied in the adsorption sites on the metal surface. The slight deviation of the slopes from unity might be due to molecular interaction between SP extract molecules and the metal surface 27 .
Thermodynamic parameters
The plot obtained for ΔG o ads versus T is linear (Fig. 5) for MS in 1M HCl using various concentrations of the studied extract. The slope of the straight line is equal to ΔS values were negative which indicated that the spontaneous nature of the adsorption process 28 . In the current investigation, the value of ΔG o ads suggested a strong adsorption of SP extract components on MS surface in acid medium. The calculated ΔG°a ds values at all studied temperatures are presented in Table 3 .
Generally, values of ΔG°a ds up to -20 kJ mol -1 were consistent with electrostatic interaction between charged molecules and a charged metal (physical adsorption) whereas those more negative than -40 kJ mol -1 involved charge sharing or transfer from the inhibitor molecules to the metal surface and form a co-ordinate type of bond inferring chemical adsorption 29 . The calculated ΔG°a ds values in the current investigation are in the range of -17.1 to -22.0 kJ mol -1 . Hence, it was indicated that the adsorption was a physical adsorption 30 . The enthalpy and entropy of adsorption (ΔH°a ds and ΔS°a ds ) were calculated by Gibbs Helmholtz equation. The plot of ΔG vs. T gave a straight line with intercept ΔH and slope ΔS. The ΔS°a ds values were found to be negative which means that the process of adsorption was accompanied by the decreased in entropy which might be due to an orderly arrangement of adsorption of bioactive molecules of SP extract on the metal surface 31 . 
Electrochemical measurements Potentiodynamic polarisation study
The kinetics of anodic and cathodic reactions occurring on MS electrode in 1M HCl with different SP extract concentrations was investigated by polarization measurements. The electrochemical values derived from the polarisation curves (Fig. 6) were tabulated. In acidic solution, anodic reaction is the dissolution of MS in acidic medium and the cathodic reaction is the liberation of hydrogen gas or reduction of oxygen. Since the anodic Tafel slope (b a ) and cathodic Tafel slope (b c ) of SP was found vary with inhibitor concentration and it showed that the inhibitor affected both oxidation and reduction reactions. Any inhibitor can be differentiated as an anodic/cathodic inhibitor when the change in the E corr value is greater than 85 mV 32 . In the present investigation, the E corr values were less than 85 mV than the blank value, thus concluding that the inhibitor acts as a mixed-type inhibitor, which means that the addition of SP extract influenced both anodic dissolution of the MS and the cathodic hydrogen evolution reaction. Detailed examination of Table 4 showed that an increase in the concentration Ewe/v vs. SCE log(I<I>I)vs. E we Blank 0.1% S P 0.2% S P 0.3% S P 0.4% S P 0.5% S P 0.6% S P 0.7% S P The inhibitor on the corrosion of the mild steel in 1M HCl was studied using the EIS method. Nyquist impedance plot was analysed by fitting the experimental data to a simple circuit model shown in Fig. 7 which included the solution resistance (R s ), the charge transfer element (R ct ), the double layer capacitance (C dl ) inhibition efficiency (IE) and the values are tabulated in Table 5 . It was fact that the impedance diagram was not perfect semicircle, which was attributed to the frequency dispersion as a result of the roughness and in homogeneousness of the electrode surface 33, 34 . Also, the plot showed an increase in impedance response on MS on addition of SP extract by increased diameters, corresponding to charge transfer resistance (R ct ) values. The high charge transfer resistance was due to decrease in the active surface required for the corrosion reaction. The inhibition efficiency (% IE) calculated from R ct values were found to provide a maximum efficiency of 93.6 % at 0.6 % SP concentration in 1M HC1 solution.
The value of C dl decreased with increase in the inhibitor concentration. This was due to decrease in local dielectric constant and an increased thickness of the electrical double layer capacitance. This was indicative of the inhibition of the corrosion of MS by the adsorption of SP extract molecules on the metal/acid interface [35] [36] [37] [38] [39] [40] . Bode plot inferred a single time constant. log(freq/Hz) log(IZI) vs. log(freq) Blank 0.1% S P 0.2% S P 0.3% S P 0.4% S P 0.5% S P 0.6% S P 0.7% S P Blank 0.1% S P 0.2% S P 0.3% S P 0.4% S P 0.5% S P 0.6% S P 0.7% S P
Fig. 8. Nyquist and bode plots for MS / SP/1M HCl Surface
Analytical Techniques
Uv analysis
To confirm the possibility of formation of the inhibitor-Fe complex, the UV-Visible absorption spectra obtained from 1M HCl containing the SP extract before and after the immersion of mild steel. Fig. 9 showed the absorption spectra of the SP extract before immersion had a maximum absorption at 219 nm that was attributed to the π-π* and n-π* transitions. After 3 h of immersion of the mild steel, the variation in the position of absorption maximum at 240 nm indicated the formation of the complex between the metal and the inhibitor molecule. Figure 10 depicted the IR spectrum of the SP extract and that of the protective film formed on the surface of the metal after immersion in the solution containing 0.7% SP extract and their corresponding frequencies are tabulated in Table 7 . From the table, the presence of O-H, C-H, C=O, -C≡N, C-O-C stretch, O-H bend groups are present on the protective film formed on the surface is noted. The IR spectral data reflected that a band noticed at 3988 cm -1 shifted to 3850 cm -1 in the corrosion product. The band at 3344 cm -1 attributed to N-H/O-H stretching observed in the seaweed spectra shifts to 3394 cm -1 in the corrosion product. The peak noticed for C-H stretching at 2924 cm -1 shift to 2986 cm -1 . The IR band shifted from 2376 cm -1 to 2372 cm -1 pertaining to C≡N stretching. A shift from 1381 cm -1 to 1389 cm -1 was identified for C-O-C stretching. A band shifted from 1226 cm -1 (in extract) to 1265 cm -1 (in corrosion product) corresponding to C-O stretching frequency. A band related to OH bending at 883 cm -1 was shifted to 961 cm -1 in the corrosion product. The band at 1408 cm -1 corresponding to C-O stretch disappeared in the corrosion product which was indicated that the bond might be involved in bonding. The shift in the absorption frequencies of the SP extract on the metal surface strongly supported the interaction between the phytochemical constituents of the inhibitor and metal surface 41 . Optical profilometer 3D Optical profilometer was employed to reveal the surface microstructure of metal before and after corrosion test. 3D Optical profilometer studies revealed the average roughness R a and root mean square values R s of the coated specimen. Fig. 11 (c) showed the three-dimensional image of the surface of mild steel immersed in 1M HCl solution without and with addition of 0.7% SP for 3 horus. Table 8 . Showed the corresponding average roughness R a and RMS roughness (R q ) values. Figure 11(b) showed that the corrosion pattern of mild steel in uninhibited 1M HCl solution was very rough and severely damaged due to an acid attack on the surface. Whereas the corrosion morphology of mild steel in inhibited 1M HCl solution contained the inhibitor was smooth. The average roughness of the mild steel surface in uninhibited 1M HCl solution was about 17.28 µm and R q is 22.35 µm as a result of the acid attack, while in the presence of SP, R a and R q values decreased to 7.17 and 10.04 µm. The decreased in R a values in the presence of the extract indicated the decreased in the surface roughness. Images of 3D Laser profilometer and the roughness quantification were also consistent with SEM studies. This confirmed that the corrosion inhibition on mild steel occurred through adsorption of the inhibitor on MS surface 42 . of 0.7% of SP extract was showed in Fig. 12(a) , 12(b), 12(c) respectively. The badly damaged surface was obtained when the metal was kept immersed in 1molar hydrochloric acid solution for 3 h without inhibitor indicated significant corrosion. Never the less, in presence of inhibitor the surface was remarkably improved with respect to its smoothness indicated considerable reduction of corrosion rate. This enhancement in surface topography was due to the formation of the good protective film of SP on mild steel surface which was responsible for the inhibition of corrosion. 
FT-IR Spectral analysis
SEM Analysis
The surface topography of the MS specimen in acidic medium with and without addition Energy dispersive X-ray analysis (EdX) EDX spectra are used to determine the elements present in the MS surface after exposure to the SP extract. The EDX spectra of the specimen were taken after 3 h immersion time. Fig. 13(c) represented the EDX spectra of the MS sample in the presence of SP extract at optimum concentration. EDX technique was employed to obtain information about the chemical composition of the surface of the MS coupons with and without using inhibitor in acidic medium. The pictures of EDX spectra are showed in Fig. 13 (a-c) . The percentage atomic content of various elements of the polished, uninhibited and inhibited MS surface was determined by EDX technique. The percentage atomic content of Fe for MS immersed in 1M HCl solution was 79% and those for MS dipped in an optimum concentration (0.7%) was 85.13%. The Fig. 13(a-c) , ensure that the spectra of inhibited samples showed the suppressed Fe peaks, when compared with the polished and uninhibited MS specimen. This suppression of Fe lines was due to the protective film formed on the MS surface. The EDX spectra of inhibited MS contained the peaks related to all the elements present in the inhibitor molecules indicated the adsorption of the inhibitor molecules on metal surface. Fig. 13(a-c) . EdX images of MS/SP/1M HCl
Characterisation of SP extract Phytochemical Screening
The phytochemical constituent present in the SP extract was determined by standard procedure 43 . The phytochemical screening analysis of the seaweed extract reflected the following phytochemical constituents namely alkaloids, cardiac glycosides, flavonoids, saponins, phenolic groups, steroids and sterol ( Table 9 ). The presence of these active phytoconstituents present in the extract was influenced on the corrosion inhibition property.
FT-IR Spectral Analysis
FT-IR spectrum of fine powder of SP (Fig. 14) showed a peak at 3988 cm -1 was attributed to O-H stretching. An absorption band related to N-H/O-H stretching is noticed at 3344 cm -1 . A band at 2924 cm -1 was noticed due to C-H vibration. A strong absorption peak at 1627 cm -1 and 2376 cm -1 can be attributed to C=O and C≡N stretching or N-H bending vibration and a peak at 1408 cm -1 corresponds to C-O stretching. Strong band obtained at 1381cm -1 was related with C-O-C stretch. A peak at 1226 cm -1 was attributed to C-O stretching. One peak found in the range of 1000 cm -1 to 1300 cm -1 corresponded to C-N or C-O stretching. The absorption peaks obtained below 1000 cm -1 are due to aliphatic and aromatic C-H functional groups. Thus the FTIR spectrum implied the presence of O and N atom containing functional groups that were essential for a molecule to function as a corrosion inhibitor. 
Mechanism
The first stage of the corrosion inhibition mechanism is the adsorption of inhibitor molecules on the mild steel surface. The significance of the adsorption behaviour was due to the nature of the electrolyte, chemical structure of the inhibitor molecules, and the nature and charge of the metal. The charge on the metal surface was due to the electric field generated at the metal/ electrolyte interface 44 . The inhibitor may adsorbed on the MS surface by (i) electrostatic attraction of the inhibitor molecules with already adsorbed chloride ions (physisorption), (ii) vacant, low energy d-orbital of the MS surface atoms and unshared electron pairs of hetero atoms (chemisorption), or (iii) interaction of vacant the d-orbital of the inhibitor molecule with the d-electron of the metal surface (retro-donation). In acidic medium the phytochemicals present in SP molecules adsorbed through protonated heteroatoms (N, O, and S) and already adsorbed anions on the MS surface. Initially the protonated forms of SP molecules in acid medium compete with H + ions for electrons on the MS surface. The high electron density on the MS surface renders more negative charge to it. In order to relieve the surface from the high negative charge, the electron from the d-orbital of Fe may be transferred to the vacant π*-orbital (antibonding) of the SP molecules and in turn strengthen their adsorption of the MS surface. The phytochemical constituents might be adsorbed on the metal surface by active centres present in it. Therefore, a compact layer formed on surface of the metal and it prevented the entry of iron ions into the solution. Therefore, with an increased in the positive charge on the metal surface, the adsorption of the phytochemical components present in the acidic medium was increased. The formed protective film was confirmed by FT-IR and scanning electron microscopic techniques. The high inhibition efficiency was attributed to the adsorption behaviour of the phytochemical components on mild steel surface. The corrosion inhibition efficiency is directly proportional to the concentration of SP and inversely proportional to the temperature. When the concentration of SP is 0.7%, the inhibition efficiency was found to be as high as 95%. SP suppressed both anodic and cathodic reaction simultaneously and SP acted a mixed type inhibitor for MS. The adsorption of SP on mild steel followed Langmuir adsorption isotherm. Nyquist plots showed the increased charge transfer resistance with increase concentration of seaweed extract. The surface examination tests on MS also confirmed the effectiveness of the inhibitor.
